Abstract-Gelatin
In Vitro and In Vivo Imaging of Peptide-Encapsulated
Polymer Nanoparticles for Cancer Biomarker Activated Drug Delivery to normal organs and tissues. Off-target chemotherapeutic uptake by healthy tissues often causes systemic damages and compromised treatment efficiency. For example, one of the most effective and widely used anticancer drugs, doxorubicin (DOX), is reported to cause serious adverse effects including nausea, vomiting, anorexia and most adversely, heart damage (cardiotoxicity), which considerably limits its applicability [1] - [3] . Therefore, the prevention of systemic drug release is crucial to improving chemotherapy. Of several strategies that have been proposed to target cancer cells, those based on biodegradable and biocompatible polymeric particles have attracted considerable attention due to their stability [4] , versatility of surface modification [5] , and potential for different drug release characteristics [6] - [8] . Drug-carrying particles or macromolecular drugs are reported to accumulate more selectively at or near the tumor sites due to the enhanced permeability and retention (EPR) effect of tumor vasculature, mitigating off-target drug delivery [9] - [11] . Although the efficiency of drug delivery increases with molecular or nanoparticle drug carriers, off-target drug delivery or release still exists due to the fast drug release from nanoparticles during circulation. This calls for a stable carrier of potent cancer therapeutics that releases the drug only at the site of the tumor.
One targeting strategy deriving from the need for a drug release to occur near the tumor may be to conjugate particle surfaces with antibodies that can detect tumor-associated antigens, which was reported to be successful primarily for in vitro screening [12] , [13] . Despite these promising in vitro results, in vivo application might be restricted due to the weak linkage stability, potential immunogenicity after repeated injections [14] and genetic diversification of tumor cells. A better strategy might be to design a peptide specific to the over-expressed secretory proteins at cancer sites which have shown to be promising biomarkers for in vivo diagnostics or prognostics of tumors [15] due to their higher stability and less potent immunogenicity. Among these proteins are proteases and peptidases which catalyze the hydrolysis of peptide bonds with high specificity [16] and, therefore, may be used to activate drug release thus serving as a new tool for cancer targeting.
Additionally, for effective nanoparticle-based systems, it is essential to monitor drug delivery to targeted sites and verify the efficacy of the encapsulating peptide/antibody layer. However, it is difficult to monitor drug carrier transport due to lack of sufficient contrast in current monitoring systems. Systemic drug release can be prevented and specificity can be achieved by engineering the drug nanocarriers to improve current chemotherapy. Left side of the figure shows the drug-loaded nanoparticles coated with peptide strands before the nanoparticles are affected by enzyme, which is shown as blue particles surrounding nanoparticles. The right side of the figure is illustration of peptide cleavage and drug release that occurs after proteolytic reaction takes place.
We report a novel gelatin nanoparticle carrier for the targeted delivery of DOX to treat breast malignancies, which avoids problems of early nonspecific dissolution and off-target drug release and is suitable for high-resolution ultrasound and fluorescence imaging in animal models. The versatile nanotechnology here could be applied to treatment of different kinds of cancer with the change of biomarker specific peptides. A schematic diagram of the chemotherapeutic drug delivery vehicle is shown in Fig. 1 . The nanoparticle core was fabricated by the Electric Field Assisted Precision Particle Fabrication (E-PPF) method using acidic gelatin, loaded with DOX [17] , [18] . The resulting nanospheres were coated with a high-density peptide layer, the hydrolysis of which is catalyzed by Cathepsin D, a specific biomarker protease hypersecreted by breast cancer cells. Thus, the core is protected from general proteolysis, wherein DOX is safely contained, until the digestion of the peptide shell is catalyzed by the secretory protease enzyme Cathepsin D in the proximity of breast cancer cells. As the peptide shield is removed, gelatin is exposed to general proteases abundant in all cell secretions, triggering the release of DOX. As a result, the drug is released only in the vicinity of the target cancer cells and its release dosage is controlled by the localized secretory protease concentration. Due to the low concentration of targeted protease in benign tissues, the peptides covering the nanocapsule surface remain intact and the drug inside the nanocapsule is well contained. By this, most effective chemotherapy may be achieved with minimal side effects.
II. METHODS

A. Fabrications and Characterization of Drug Nanoparticles
Gelatin (225 g bloom, BioReagent) nanoparticles were fabricated by an E-PPF method [18] and were cross-linked using 200 mL of 0.125, 0.375, 0.625, and 0.875% w/v glutaraldehyde (GA) (25% aqueous solution, Sigma-Aldrich) solutions at for 24 hours, followed by the addition of glycine (Sigma-Aldrich) at room temperature to deactivate the remaining GA [17] . The resulting nanoparticles were washed with DI water and lyophilized. Morphology and uniformity of particles were studied by scanning electron microscopy (SEM, Hitachi S-4700). DOX molecules (Sigma-Aldrich) were loaded into the gelatin matrix through impregnation using 1 mg/mL drug solutions. Upon inward diffusion the drug molecules were ionically bound to the gelatin matrix, preventing their release in the absence of enzyme.
In order to keep the drug inside the capsule, the peptide strands were synthesized, which were then conjugated to the surface of the gelatin nanoparticles. of 0.1 M PBS solution, of 0.33 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Sigma-Aldrich), and of 0.5 mM N-hydroxysuccinimide (NHS) (Sigma-Aldrich) solution were added to make EDC-NHS PBS solution as catalyst for the conjugation [19] . The peptides here are attached through covalent bonding between the crosslinking amine moiety groups at the peptide terminal and the carboxyl groups on the surface of the gelatin nanoparticles, cross-linked via GA.
The peptide for targeting contains a Phe-Phe-Arg-Asp sequence, a blue fluorophore molecule at the C-terminus, and a darker quencher molecule near the N-terminus (synthesized by BioMol). To the prepared mixture, 0.2 mL of peptide and drug-loaded gelatin nanoparticles were added and kept overnight. The resulting mixture was centrifuged and washed with dimethylsufoxide to collect peptide-conjugated particles. Drug-loaded particles were incubated with purified Cathepsin D and culture media of MCF7, 3T3, and HeLa cells, and fluorescence intensity of the surface peptides (excitation of 328 nm and emission of 393 nm) was measured at designated time intervals using a microplate reader (BioTek Synergy).
The specificity of the designed peptide substrate to the Cathepsin D secreted by breast cancer cells was examined via the fluorescence emission from the terminal methoxycoumarin (MCA) fluorophore molecule. The fluorescence was quenched by the dinitrophenyl (Dnp) molecule before the proteolytic reaction due to near field fluorescence energy transfer between the MCA fluorophore and Dnp quencher molecule.
B. In Vitro Chemotherapy
To evaluate targeted cell specificity, nanoparticle mediated chemotherapy on three different types of cells was carried out. MCF7 human mammary adenocarcinoma, 4T1 mouse mammary carcinoma, and 3T3 mouse fibroblast were chosen (all from ATCC, Manassas, VA) for the experiment. ATCC-formulated Eagle's Minimum Essential Medium with 0.01 mg/ml bovine insulin, 10% fetal bovine serum (FBS) was used as a culture medium for MCF7, while 3T3 Swiss mouse fibroblast cells (ATCC) were cultured using ATCC-formulated Dulbecco's Modified Eagle's Medium mixed with bovine calf serum to a final concentration of 10%. 4T1 mouse breast cancer cells were cultured using RPMI-1640 media mixed with 10% FBS. All media were filtered using a vacuum filter for sterilization. The cells were added to the cultured media and then kept in 75 sq. cm flasks for culturing in incubator 5% carbon dioxide at . In addition to the mentioned cell cultures, HeLa cancer cells were also cultured for the purpose of using them in peptide hydrolysis and DOX drug release studies. To evaluate the drug release profile, study on in vitro release of DOX from the drugloaded carriers with and without peptide surface coating was performed in the presence of 0.01756 mg/mL Cathepsin D enzyme, MCF7 culture media, 3T3 culture media, HeLa culture media, and 9.9 mg/mL collagenase 1A, respectively. Drug release was assessed by sampling the supernatant and measuring the fluorescence emission from the DOX molecules using a microplate reader (excitation of 470 nm and emission of 585 nm). Protease-, DNAs-, and RNAs-free water (Fisher Scientific) was used for the measurement.
To evaluate the chemotherapy on cancer cells, MCF7, 4T1 and 3T3 cell cultures were incubated for 7 h with drug loaded and peptide coated nanoparticles mixed in 0.1 mL of PBS solution. Optical images were taken every 2 to 3 h and cell viability was measured at different time points.
Additionally, a MTT cell proliferation assay (ATCC) was carried out for human breast MCF7 and mouse breast 4T1 cancer cells. This assay provides a reliable and quantifiable means of measuring the absorbance values of cell populations through spectrophotometry. Each 30 000 cells/mL solution of 4T1 cells and 38 000 cells/mL solution of MCF7 cells were placed in 2 and 4 wells of 96-well plates in equal amounts for each cell line, respectively. While half of the wells for each cell line were treated with drug carrying nanoparticles, the remaining half was incubated without nanoparticles for control measurements. Cell concentrations of treated MCF7 and 4T1 cells were assessed after incubation time using the MTT assay for viability and compared to those in control wells.
C. In Vivo Chemotherapy
For this stage of the study, the experimental protocol was approved by the Institutional Animal Care and Use Committee of the University of Illinois and satisfied all campus and National Institutes of Health rules for the humane use of laboratory animals. Animals were housed in an Association for Assessment and Accreditation of Laboratory Animal Care (Rockville, MD)-approved animal facility and provided food and water ad libitum.
In vivo evaluation of proposed nanoparticles was carried out on nude mice models. For in vivo ultrasound detection nude mice (Harlan, Indianapolis, IN) weighing 19-21 g were injected via the lateral tail vein with of saline solution containing nanoparticles per mL that ranged between 200 and 900 nm in diameter. Real-time video of nanoparticle flow in the superior vena cava was captured starting from the injection time using a Vevo 2100 High Frequency Ultrasound Imaging System (VisualSonics, Toronto), indicating the potential application of the drug carrying nanoparticles in serving as ultrasound imaging contrast agents.
For tumor induction, nude mice were anesthetized under isofluorane (2% isofluorane, 2% oxygen flow rate) and subcutaneously injected with of media containing 4T1 cells in the lower abdominal mammary gland. Tumors were allowed to grow to a maximum diameter of 10 mm before nanoparticle exposure. These 4T1 tumor mice were then injected with of saline solution containing peptide-coated drug nanocarriers per mL. Due to the naturally fluorescing nature of DOX, fluorescence images of the injected and control mice were obtained for accessing the distribution of the drug in the mouse body after injection. Based on the fluorescent profile of DOX, an excitation of 470 nm and emission of 590 nm was used. 
III. RESULTS AND DISCUSSIONS
A. Gelatin Nanoparticles
The scanning electron microscope (SEM) image in Fig. 2 (a) and optical image of particles in saline solution (Fig. 2) show that the particles fabricated by the E-PPF method are spherical and uniform in size. The swelling ratio, defined as the ratio of diameters of wet and dry particles, was 1.8. The specificity of the designed peptide to Cathepsin D was examined via fluorescence emission from the terminal MCA fluorophore molecule on the peptide strand, which is quenched by the Dnp molecule before the proteolytic reaction due to near field fluorescence energy transfer. Fig. 3(a) schematically illustrates gelatin particles conjugated with peptides containing a Leu-Phe-Phe-Arg-Leu sequence, which can be recognized by Cathepsin D, an aspartic protease enzyme prominent in breast malignancies [12] . Once hydrolysis of the peptide is catalyzed by Cathepsin D, the peptide substrate fluoresces as an indicator of the proteolytic activity of the peptide coating layer on the nanoparticle surface. When the peptide-coated particle loaded with DOX is incubated respectively, with purified Cathepsin D and with the MCF7 breast cancer cell media, the fluorescence intensity, as shown in Fig. 3(b) , increases. This observation indicates active proteolytic reactions on the particle surface. On the other hand, the blue fluorescence intensity remains unchanged when the particles are incubated with nontargeted protease enzymes, e.g., collagenase 1A and nontargeted human cell lines (e.g., HeLa cells), which strongly indicates the specificity of the peptide layer to the targeted cancer biomarker, in this case Cathepsin D. For 3T3 mouse fibroblast cell secretions, possibly due to the nonspecific proteolytic reactions of the peptides, the peptide fluorescence intensity is also elevated but the elevation level and sustainability are significantly lower than those for MCF7 mammary adenocarcinoma cells. Better design of peptides with higher specificity also will help to minimize the nonspecific proteolytic reactions.
B. In Vitro Release Profile of DOX-Loaded Particles
The release profiles of DOX from particles with and without the peptide coating incubated in pure buffer solution, purified Cathepsin D solution, purified collagenase 1A solution, secretion with culture media of MCF7 human breast cancer cells, 3T3 mouse fibroblast cells and HeLa cells, respectively, were expressed as DOX fluorescence intensity [ Fig. 3(c) ] which is assumed to be proportional to the drug concentration. In comparison to peptide-coated nanoparticles, increased DOX release was seen in uncoated nanoparticles incubated in conditions with and without collagenase, a common protease that facilitates the hydrolysis of gelatin. This observation suggests that the peptide coating layer hinders the diffusive drug release and degradation of gelatin catalyzed by collagenase. The release of DOX from the peptide-coated particles was prohibited in most of the cases except for the purified Cathepsin D solution and MCF7 breast cancer cell secretion. The drug release variation between the above two cases might be attributed to the different protease concentration leading to different degradation rate or other proteases secreted by MCF7 cells, such as collagenase. In sharp contrast, the uncoated nanoparticle drug carrier had considerable natural diffusion-driven drug release and biodegradation even when it was not incubated with cancer cells. Due to nonspecific proteolytic reactions in the case of 3T3 mouse fibroblast cell secretion, minor DOX release was observed but the amount was significantly lower than that in MCF7 human breast cancer cell secretions. The enhancement of DOX release was also observed in both coated and uncoated nanoparticles cultured with collagenase, which is ascribable to collagenase-assisted hydrolysis of gelatin leading to the dissociation of the drug carriers. Drug release, however, is still much suppressed compared to the bare nanoparticles with or without the presence of collagenase. This evidence once again supports that the peptide layer on the particle surface dramatically diminishes the nonspecific drug release and improves specificity to the targeted cancer biomarkers.
C. Targeted Chemotherapy on Breast Cancer Cells
The morphology of peptide-coated nanoparticles cultured with three different cell lines was examined along with the number of resulting viable cells. MCF7 mammary adenocarcinoma cells and 4T1 mouse mammary carcinoma cells were specifically chosen to show that the peptide specificity to Cathepsin D secreted by these cells, while 3T3 mouse fibroblasts were used as controls. Nanoparticles incubated with 4T1 cells significantly reduced the cell growth in the span of 7 h [ Fig. 4(a) ], but did not affect the growth rate of 3T3 cells [ Fig. 4(a) ]. The number of 3T3 fibroblasts increased due to cell proliferation, which indicates negligible cytotoxicity to these nontargeted cells. In contrast, the number of 4T1 cells decreased dramatically by more than 80% after 5 h and kept this downward trend temporally [ Fig. 4(a) ]. The number of MCF7 cells, although with some oscillation temporally, eventually decreased to 50% of its initial concentration after 7 h. These results demonstrate that the peptide coating enables specificity to only target cancer biomarkers and associated tumor cells. Results of these experiments using mice and human breast cancer cells are shown in Figs. 4(b) and 4(c) . Cell viability of treated and untreated MCF7 and 4T1 cells were assessed after a 2-h incubation time for each cell line. The data strongly suggest that cell viability was significantly reduced for cells incubated with nanoparticles, while control cells that were untreated with nanoparticles continued their growth, reinforcing the same result obtained in the discussed Fig. 4(a) . While the concentration of 4T1 cells decreased from 30 000 to 26 000 cells/mL by the end of incubation time, the concentration of control 4T1 cells remained unaffected by nanoparticles, increasing to 34 000 cells/mL. Analogous trends for MCF7 cell growth were obtained. Thus, results demonstrate significant effects of drug-loaded nanoparticles conjugated with peptides on breast cancer cell viability. Fig. 4(a) shows that viability of 3T3 is not affected by fabricated nanoparticles and cell viability of 3T3 cells treated with nanoparticles increases unlike mouse cancer 4T1 cell viability that significantly decreases after incubation with nanoparticles.
D. In Vivo Ultrasound Imaging of Nanoparticles
Gelatin nanoparticles were injected into control mice via the lateral tail vein and real-time video of the superior vena cava was taken immediately after the injection. Snapshots of the particles passing through the vein located near the mouse heart are shown in Figs. 5(a) and 5(b). Fig. 5(a) shows the vena cava before introducing the particles into the body, while Fig. 5(b) shows gelatin particles passing through the vein. Results suggest that the proposed gelatin nanoparticles can provide sufficient contrast to facilitate in vivo high-resolution ultrasound imaging. This observation could be due to swelling characteristic of the nanoparticles, which causes the formation of air gaps and free pores, giving them distinctive acoustic impedance. As a result, the particles can act as reflective mediums for ultrasound waves, allowing in vivo ultrasound detection, tracking of particle flow, and distribution in real time.
E. Targeted Chemotherapy on Breast Cancer Mice Models
The fluorescence nature of DOX allowed us to use imaging techniques for monitoring the distribution of nanoparticles in vivo. Fluorescence imaging was performed to demonstrate peptide coating stability and nanoparticle drug release specificity to biomarkers secreted by tumor sites under in vivo conditions. As previously described both mice with and without cancerous growths were injected with of fabricated particles mixed in saline solution and underwent whole body fluorescence imaging using a small animal fluorescence imaging system. The fluorescence images are overlaid on the bright field images to identify the locations of nanocapsules present in the mice (Fig. 6) . The middle image in Fig. 6 shows that most of the particles are filtered out and end up in the bladder, while the image of the 4T1-tumor shows that proposed nanoparticles concentrate not only in the bladder, but also at the tumor site. Evidently, DOX fluorescence is strong in the tumor and at the locations near the tumor, suggesting the targeted delivery through the nanocapsules. Thus, the concentrated distribution of drug carrying nanoparticles in the 4T1 tumor supports the hypothesis that introduced particles are biomarker activated through peptide encapsulation.
IV. CONCLUSION
A. Conclusion, Limitations and Future Perspectives
In this study, nanoporous gelatin nanoparticles were fabricated as a vehicle for high specificity and targeted drug delivery to breast cancer cells. Chemotherapeutic DOX drug molecules were loaded in gelatin nanocarriers and coated with protective peptide strands to prevent early degradation and nonspecific drug release. Release of drug immobilized by cross-linked gelatin, the loading efficiency of which can be optimized by controlling the cross-linker concentration, is triggered by nothing but the biomarker protease enzyme Cathepsin D. In comparison with the chemotherapy by naked drugs or encapsulated drugs without a protective shell, the peptide-coated nanospheres can significantly improve the specificity of cancer chemotherapeutic drug delivery and mitigate the adverse side effects due to off-target drug release. Varying the peptide sequences for surface coating can also target different cancer biomarkers, the nature of which depends on the cancer type. Thus, hybrid drug carriers may be tailored for different subtypes of cancers for personalized medicine and therapy.
The nanoscale size of particles allowed us to extend the studies to in vivo drug delivery. We achieved sufficient contrast for fabricated gelatin nanocarriers during in vivo ultrasound imaging to monitor the nanocarrier transport after its IV injection. The targeted drug delivery scheme was successfully demonstrated in vitro and in vivo for breast cancer malignancy with fluorescence imaging techniques. We anticipate that with higher specificity and stability of our peptide conjugated drug nanocarriers, systemic drug release and off-target drug delivery problems can be addressed to remove adverse side effects of current cancer malignancy treatments.
Along with encouraging results, this study poses some limitations, however, and more work will be needed to fully demonstrate the efficacy of the nanoparticles. Due to the complexity of experiments and time required for preliminary preparation of animal models, we were only able to conduct fluorescence imaging experiments on one set of animals. These experiments could be carried out with a larger animal sample in order to better ensure the reliability of the results.
Secondly, drug-carrying particles and macromolecular drugs are reported to accumulate by tumor sites due to the EPR (enhanced permeability and retention) effect. The EPR effect might have contributed to the intensity of released DOX by tumor sites in our fluorescence imaging experiments. In order to determine how much of this DOX intensity is caused by the EPR effect as well as how much is caused by peptide cleavage and DOX release, more experiments involving cancerous mice models are suggested. A cancerous mouse model injected with our nanoparticles could be compared with a cancerous model injected with drug-loaded nanoparticles without peptide coating. Furthermore, additional in vivo fluorescence imaging can allow us to learn more about the effectiveness of drug release on tumor size. Conducting the earlier described in vivo fluorescence experiments with the purpose of monitoring the size of a tumor can be a step towards reinforcing the obtained results.
Overall, in spite of its limitations, the presented research could be a substantial contribution towards the growing development of smart nanoparticle drug carriers. Targeted drug delivery and chemotherapy has been an extremely active research area. Most of the current strategies using antibody-conjugated nanoparticle drug carrier or chemical compounds improve the therapeutic specificity to some extent. However, these nanoparticles are not "smart" enough to tune the drug release dosage, identify metastatic and circulating tumor cells or penetrate into encapsulated tumor nodules. In the presented research, however, the drug delivery dosage is fine-tuned by the localized biomarker concentration and the chemotherapy drug is released in the vicinity of the tumor rather than upon the physical binding within the tumor, resulting in potentially better penetration to deep tumors. All these unique properties make the reported enzymatically activated nanoparticle drug carrier a better one than antibody-based carriers by providing lower systemic release and high delivery efficiency. The targeted drug delivery in the coming decade will rely on nanoparticle drug carriers that actively search for potent cancer cells, diagnose the cell condition and decide drug delivery dosage and rate autonomously. After drug delivery, the nanoparticle drug carrier can dissolve itself and be cleared out of the body. Negative side effects can be reduced to nearly zero and the precision drug delivery can result in optimized, rapid and effective cancer chemotherapy.
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